Growth cones, found at the tip of axonal projections, are the sensory and motile organelles of developing neurons that enable axon pathfinding and target recognition for precise wiring of the neural circuitry. To date, many families of conserved guidance molecules and their corresponding receptors have been identified that work in space and time to ensure billions of axons to reach their targets. Research in the past two decades has also gained significant insight into the ways in which growth cones translate extracellular signals into directional migration. This review aims to examine new progress toward understanding the cellular mechanisms underlying directional motility of the growth cone and to discuss questions that remain to be addressed. Specifically, we will focus on the cellular ensemble of cytoskeleton, adhesion, and membrane and examine how the intricate interplay between these processes orchestrates the directed movement of growth cones.
Growth cones, found at the tip of axonal projections, are the sensory and motile organelles of developing neurons that enable axon pathfinding and target recognition for precise wiring of the neural circuitry. To date, many families of conserved guidance molecules and their corresponding receptors have been identified that work in space and time to ensure billions of axons to reach their targets. Research in the past two decades has also gained significant insight into the ways in which growth cones translate extracellular signals into directional migration. This review aims to examine new progress toward understanding the cellular mechanisms underlying directional motility of the growth cone and to discuss questions that remain to be addressed. Specifically, we will focus on the cellular ensemble of cytoskeleton, adhesion, and membrane and examine how the intricate interplay between these processes orchestrates the directed movement of growth cones.
As vividly described by Santiago Ramó n y Cajal (Ramó n y Cajal, 1909) , ''the growth cone may be regarded as a sort of club or battering ram, endowed with exquisite chemical sensitivity, with rapid ameboid movements, and with certain impulsive force, thanks to which it is able to proceed forward and overcome obstacles met in its way, forcing cellular interstices until it arrives at its destination.'' Cajal, who first indentified the structures in 1890 (Ramó n y Cajal, 1890), further postulated that growth cones exhibit and depend on chemotropism to cues presented in the developing brain to reach specific targets. However, direct support of chemotropic guidance of growth cones was not obtained until nearly a century later, highlighted by the identification of the netrin family of chemoattractants in the floor plate of the spinal cord that guide the axons of commissural interneurons (Kennedy et al., 1994; Tessier-Lavigne et al., 1988) and the correlate discovery of unc-6/netrin and its receptors unc-5 and unc-40 in C. elegans (Hedgecock et al., 1987 (Hedgecock et al., , 1990 Ishii et al., 1992) . The molecular identities of many factors involved in axon guidance have since been revealed, largely fueled by astonishing growth in molecular biology and genetic techniques. We have now learned that a variety of evolutionarily conserved guidance molecules, either attractive or repulsive in nature, provide the spatiotemporal cues for growth cone navigation through a complex physical and chemical topology to reach it specific destination (Kolodkin and Tessier-Lavigne, 2011) .
While Cajal provided the vivid description of nerve growth cones from the static images of histological staining, it was not until the invention of modern tissue culture by Ross Harrison that allowed the first live microscopy of growth cones (Harrison, 1910) . Subsequent studies have taken great advantage of cultured growth cones to gain a fairly detailed picture on their structure and motile properties. In particular, this ''early'' phase of growth cone research has advanced our understanding of how extracellular and intracellular signals influence axon extension and the cytoskeletal architecture underlying growth cone motility. For example, Ca 2+ was established as a key second messenger that profoundly influences growth cone motility. The discovery that an optimal range of intracellular Ca 2+ concentration is required for growth cone advancement provided the foundation for a wealth of research geared toward understanding the complex role of Ca 2+ signaling in growth cone guidance (Gomez and Zheng, 2006; Kater et al., 1988) . Moreover, this phase of research yielded detailed imaging results on the cytoskeletal architecture of the growth cone, establishing distinct roles for actin and microtubules in controlling the protrusive machinery and net migration (Bentley and O'Connor, 1994; Lin et al., 1994; Smith, 1988) . The identification of in vivo guidance cues fueled the ''second'' phase of growth cone research. We now know that the cytoskeleton and focal adhesion are the major targets of intricate signaling cascades to generate specific motile behaviors (Dickson, 2001; Huber et al., 2003; Kalil and Dent, 2005; Korey and Van Vactor, 2000; Wen and Zheng, 2006) . Recent studies have also shown the involvement of membrane recycling in growth cone responses (Tojima et al., 2011) . It is conceivable that different signaling cascades elicited by extracellular factors could target a distinct component of growth cone motility, but the specific response likely involves concerted actions of multiple motility apparatuses (Lowery and Van Vactor, 2009 ). The next challenge is to fully elucidate the intricacies of these mechanisms and how they are orchestrated to enable the agile and adaptive motile behaviors of the growth cone. In this review, we will discuss three major mechanisms of growth cone motility: cytoskeleton, adhesion, and membrane turnover. Each topic, rather than providing an extensive overview, will be highlighted with specific examples of molecules that play a pivotal role in axon growth and guidance yet whose exact functions in these processes remains to be fully elucidated. We set out to reveal the complexity of cellular behavior underlying growth cone directional motility and to postulate important unknown questions. At the end, we will discuss the intricate interplay among these components and how multiple networks coordinate to enable the growth cone to respond and navigate through complex terrains in order to reach its specific target.
Nerve Growth Cone: A Primer
The growth cone is a dilated terminal of axonal and dendritic processes. Under light microscopy, the growth cone can be seen to have two distinct compartments: the peripheral and central regions (P and C region) (see Figure 1) . The P region is a broad and flat area that is highlighted by lamellipodia and filopodia, two types of membrane protrusions containing a meshwork of branched actin filaments and long parallel bundles of actin filaments, respectively. The C region, located behind the P region and connected to the axonal shaft, is enriched in cellular organelles such as mitochondria and exocytotic vesicles. A predominant feature of the C region is a dense microtubule array that extends from the axonal shaft to support growth cone movement and to serve as the track for transport of membranous organelles. While the majority of microtubules terminate at the C region, single microtubules do venture into the P region where their interactions with actin and cell signaling components are of importance for growth cone motility. High-resolution imaging studies of the growth cone's cytoskeleton have revealed a third functionally distinct region, the transitional zone (T zone) (Lowery and Van Vactor, 2009; Rodriguez et al., 2003) . The T zone is located between the P and C regions and is believed to contain the actomyosin contractile structures that play a strong role in the regulation of both the actin and microtubules in the growth cone, including controlling the rearward flow of actin in the P region and maintaining the C region localization of the microtubule lattice (Burnette et al., 2008; Medeiros et al., 2006; Zhang et al., 2003) .
Growth cones represent the major site of attachment to the outside environment in both axons and dendrites. Actin-based protrusions are coupled with selective adhesion to extracellular components to provide the force necessary to drive the growth cone forward, leading to the elongation of axonal and dendritic processes. The growth cone is also the major site of membrane recycling in the form of exocytosis and endocytosis. Imaging work has shown that membranous organelles are largely concentrated in the C region (Bunge, 1973) , though vesicular components can be found in the lamella and lamellipodia (Tojima et al., 2011) , and even more rarely in filopodia (Sabo and McAllister, 2003) . Membrane recycling at the growth cone can serve many purposes, ranging from the regulation of available membrane surface area to receptor trafficking. While the cytoskeleton, adhesion to the extracellular environment, and membrane turnover are often studied separately with respect to growth cone motility and guidance, work done in recent years has shown that there is an elaborate crosstalk between these components and that they must be carefully balanced to productively steer a neuronal process to its specified target.
Actin: In the Driver's Seat Actin plays a pivotal role in growth cone motility and guidance responses. A combination of actin polymerization near the plasma membrane, myosin-based actin retrograde flow, and selective engagement of the ''clutch'' to the adhesion substrate is believed to drive the growth cone forward (Lowery and Van Vactor, 2009; Suter and Forscher, 1998) . The actin cytoskeleton The growth cone's periphery contains actin-rich lamellipodia (light red shaded) and filopodia (dark red lines). The lamellipodia consists of a network of short, branched actin filaments that serves as the protrusion machinery of the growth cone. Newly formed lamellipodia on the side undergoing a positive turning response is shown in blue. Filopodia are composed of long bundles of actin filaments. They participate in environment sensing and guidance. Microtubules in the growth cone (shown in purple) are largely restricted to the central region gray shaded by the actin cytoskeleton. The inset on the top left shows a fluorescent image of the actual F-actin architecture within the growth cone. This image was obtained using the Nikon N-SIM Super Resolution microscope and inverted in grayscale for display. Scale bar: 5 mm. (B) Two models of ADF/cofilin-mediated regulation of actin dynamics underlying lamellipodial protrusion. The #1 is the classical model in which ADF/cofilin functions mainly in depolymerization at the rear of the actin meshwork and recycling the actin monomers to the leading front for assembly. In the #2 model, ADF/cofilin severing creates new barbed ends to promote actin assembly and membrane protrusion. (C) A hypothesized model in which an optimal range of ADF/cofilin activity may be required for growth cone motility. Above and below this range of ADF/cofilin activity inhibits growth cone motility. Depending on the amount of active ADF/cofilin and the dynamic state of the actin network, a gradient of guidance cues could asymmetrically target ADF/cofilin activity to generate either attractive (into the optimal range) or repulsive (out of the optimal range) responses.
is targeted by many signaling cascades, of which the Rho-family GTPases represent a key node for connecting extracellular signals to regulated actin dynamics (Burridge and Wennerberg, 2004; Hall and Nobes, 2000) . Rho GTPases have been shown to play a fundamental role in axonal growth and guidance (Dickson, 2001; Ng et al., 2002) . However, the downstream effectors and precise actin mechanisms that control the directional motility of growth cones remain to be fully determined. Actin filaments are built through a balancing act of filament assembly at the barbed ends and disassembly at the pointed ends, and these rates are influenced by a wide range of regulatory proteins. Moreover, an even larger number of accessory proteins are present in cells to organize actin filaments into distinct networks in specific subcellular locations (Chhabra and Higgs, 2007; Pollard et al., 2000; Pollard and Borisy, 2003) . For example, lamellipodia and filopodia, two membrane protrusions that function in growth cone movement and environmental sensing, respectively, are based on distinct F-actin structures. The former contains a meshwork of short, branched actin filaments that depends on the Arp2/3 nucleation complex, whereas the later is supported by long unbranched actin filaments involving formin family of molecules and regulated by Ena/Vasp proteins. A number of excellent reviews are available that have provided comprehensive coverage on the actin structures and dynamics of lamellipodia and filopodia in both nonneuronal cells and nerve growth cones (Dent et al., 2011; Lowery and Van Vactor, 2009; Pollard and Cooper, 2009; Rodriguez et al., 2003) . Here, we will only discuss a few of the actin regulatory molecules whose function in growth cone motility is complex and remains to be fully understood.
In vertebrate cells, a large array of regulatory proteins control the actin network and its dynamics through a diverse set of actions, including filament nucleation, severing, crosslinking, and end capping, as well as monomer sequestering. Many of these proteins have not been well studied in neuronal growth cones, and whether and how they function in growth cone migration and guidance remains to be seen (Dent et al., 2011) . In a minimal model proposed for the actin assembly and disassembly underlying lamellipodial protrusion, just five families of actin-binding proteins were thought to be needed: WASp, Arp2/3, capping protein, ADF/cofilin, and profilin/b-thymosin (Pollard et al., 2000) . Of them, WASp, Arp2/3, and ADF/cofilin have been investigated in nerve growth cones (Dent et al., 2011; Lowery and Van Vactor, 2009) , whereas thymosin/profilin and capping protein have received less attention.
Capping barbed ends of actin filaments represents an important mechanism to regulate filament elongation (Pollard and Borisy, 2003) . Capping proteins bind to free barbed ends and prevent addition or loss of actin subunits. Of the known actincapping proteins, the predominant species in most nonmuscle cell types is CapZ (commonly abbreviated as CP). CP is an obligate heterodimer consisting of a and b subunits (Cooper and Sept, 2008; Schafer, 2004) . While both a1 and a2 isoforms are abundant in most tissues (Hart et al., 1997) , b2 is the primary isoform in the mammalian brain (Schafer et al., 1994) . Barbed end capping is believed to promote lamellipodial protrusion by increasing the local availability of polymerization competent G-actin for Arp2/3-mediated nucleation (Akin and Mullins, 2008) . A loss of CP leads to the formation of actin bundles and filopodia, which in part mediated by the anticapping activity of Ena/Vasp proteins (Kapustina et al., 2010; Mejillano et al., 2004; Vitriol et al., 2007) . It remains to be determined if a similar interplay of CP and Arp2/3 operates in nerve growth cones and if so, whether it plays a role in axon guidance. Specifically, it has not been determined if growth cone steering in response to guidance cues depends on spatiotemporally restricted capping activity. This question is confounded by our lack of knowledge as to how CP is regulated in living cells. We know that modulation of CP plays a major role in actin physiology, as its off-rate to actin filaments in vivo is three orders of magnitude faster than it is in vitro (Miyoshi et al., 2006) . CP is known to bind Phosphatidylinositol 4,5-bisphosphate (PI (4,5) P 2 ), and this interaction inhibits its ability to bind actin barbed end (Schafer, 2004) . It was shown that asymmetric PI (4,5) P 2 phosphorylation by Phosphoinositide 3-kinase mediates growth cone chemotaxis (Henle et al., 2011) , which could potentially lead to asymmetric capping and lamellipodial protrusion leading to growth cone steering. Moreover, the Ena/VASP family of actin regulatory proteins exhibit anticapping activity and could play a role in antagonizing actin capping during growth cone steering (Bear et al., 2002) , though they are not essential for retinal axon pathfinding in Xenopus (Dwivedy et al., 2007) . Interestingly, a recent study shows that CP interacts with b-tubulin to regulate the extension of MTs in the growth cone (Davis et al., 2009 ), thus providing a potential point of crosstalk among the actin and microtubule cytoskeletal systems. However, whether the CP-MT interaction plays a role in the growth cone directional response to guidance cues remains to be examined.
Besides a long list of actin regulatory proteins whose function in growth cone guidance remains unclear (Dent et al., 2011) , several well-studied actin factors have complex ramifications on the actin physiology, even to the point of appearing to cause opposite effects on growth cone motile responses. One example is ADF/cofilin, which represents a highly conserved family of actin-associated proteins from different genes (cofilin1, 2, and ADF) but with similar functions on actin dynamics (thus referred to as AC hereafter for simplicity) (Bernstein and Bamburg, 2010; Van Troys et al., 2008) . AC was initially identified for its ability to increase the rate of ADP-actin dissociation from the pointed end of actin filaments to promote depolymerization (Carlier et al., 1997) , as well as to sever actin filaments into small fragments for disassembly (Maciver, 1998) . In the classic model of lamellipodial protrusion, ADF/cofilin functions at the rear of the lamellipodial actin meshwork to breakdown actin filaments and recycle the actin monomers for further leading edge assembly ( Figure 1B ). However, AC severing of actin filaments also creates new barbed ends, which can synergize with actin polymerization factors to promote filament assembly and membrane protrusion (Kuhn et al., 2000; Pollard et al., 2000) . The opposite functions of AC on actin filaments likely depend on its local concentration of AC and the ratio of AC against actin monomers: severing and disassembly are more favorable when AC is at a lower concentration, whereas nucleating occurs at higher AC concentrations (Andrianantoandro and Pollard, 2006 ).
The precise function of AC in nerve growth cones remains to be fully understood. AC is expressed at high levels and colocalizes with F-actin in neuronal growth cone (Bamburg and Bray, 1987) . Overexpression of AC in neurons leads to increased neurite outgrowth (Meberg et al., 1998) , indicating that actin turnover may promote motility (Bradke and Dotti, 1999) . However, AC activation has also been associated with growth cone collapse (Aizawa et al., 2001; Hsieh et al., 2006; Piper et al., 2006) , demonstrating a negative impact of AC on growth cone motility. In growth cone steering, asymmetric AC inhibition was shown to mediate attractive turning of the growth cone, whereas local AC activation elicited repulsion (Wen et al., 2007) . These findings are consistent with the classic depolymerizing/severing functions of AC on the actin cytoskeleton. However, AC activation was shown in some cases to promote actin-based membrane protrusion in nonneuronal cells (DesMarais et al., 2005; Ghosh et al., 2004) and to mediate growth cone attraction in cultured dorsal root ganglion neurons (Marsick et al., 2010) . It is plausible that different types of cells exploit specific end results of AC activity, and their unique cytosolic environment may contribute to the opposite outcomes of increased AC activity on motility. It is also possible that the same neurons may have varying levels of basal actin dynamics, upon which AC may generate different effects. For example, growth cones from young neurons tend to be very motile and have a high level of actin turnover, whereas those from more mature neurons have relatively stable F-actin and reduced motility. AC activation could in principle impact the motility of these growth cones in an opposite manner. We propose that an optimal range of AC activity is required to generate the dynamic turnover of the actin cytoskeleton underlying high growth cone motility and that this range is dependent on the kinetic state of the actin network at that time. In this instance, modulation of AC activity in either direction could either accelerate or decrease motility ( Figure 1C ) or, if done assymetrically within the growth cone, cause a positive or negative turning response. As a result, attractive steering may involve local elevated AC activity in growth cones with more stable actin cytoskeleton but require local AC inhibition for growth cones with a high actin turnover rate. Clearly, this model and the precise functions of AC in growth cone actin dynamics and guidance responses require further studies, which may benefit from the emerging super resolution imaging techniques (Toomre and Bewersdorf, 2010) .
Microtubules: TIPs Are Welcome Microtubules (MTs), the cylindrical filaments each consisting of 13 protofilaments, are a major cytoskeletal system within the axonal and dendritic projections. MTs are intrinsically polarized due to their head-to-tail assembly from a/b tubulin heterodimers. While the plus and minus ends of MTs favor polymerization and depolymerization, respectively, the minus ends of MTs are often capped and stabilized inside cells (Dammermann et al., 2003) . Instead, MT plus ends exhibit ''dynamic instability,'' in which their polymerization-based growth is interrupted by ''catastrophe'' phases of rapid depolymerization and shrinkage (Cassimeris et al., 1987) . It is believed that dynamic instability provides MTs with the ability to quickly remodel their organization and selectively grow in response to extracellular signals. In neurons, most of MTs are believed to be polymerized from the centrosome, but are severed, released, and transported into long axons and dendritic arbors where they form dense arrays (or bundles). These condensed MT arrangements are the structural foundation for the extension and maintenance of highly elongated and elaborated nerve processes. In addition, MT arrays serve as the railway tracks for long-range transport of cellular organelles and cargos, which is essential for the survival and function of the neuron (Hirokawa et al., 2010) . Finally, spatiotemporally regulated dynamics of these MTs may play an important role in specifying axonal and dendritic polarization (Witte et al., 2008) .
How MTs are involved in the directional responses of the growth cone has only begun to be elucidated (Dent et al., 2011; Gordon-Weeks, 2004; Lowery and Van Vactor, 2009 ). The dense MT arrays in the neurite shaft typically terminate in the growth cone C region, with a small number of MTs splaying out into the actin rich P region (Figure 2 ). These individual MTs appear to exhibit a high degree of dynamics and track along the actin filaments (Schaefer et al., 2002) . It should be noted that MTs in axons are organized in uniform polarity such that individual MTs in the growth cone are pioneered by their plus ends. Therefore, the behavior of MTs exploring the growth cone P region is largely dictated by how their dynamic instability is regulated. It is believed that actin-based growth cone movement requires the local stabilization of dynamic MTs exploring the P region, followed by site-directed MT polymerization and delivery of cellular cargos to consolidate the space created by the forward movement of the growth cone. Conversely, dynamic MTs in the growth cone could play a more direct role in migration, as local modification of MT polymerization and depolymerization can impact actin-based membrane protrusion to elicit a growth cone steering response (Buck and Zheng, 2002; Mack et al., 2000; Rochlin et al., 1999) . Therefore, dynamic MTs and the actin cytoskeleton appear to engage in bidirectional interactions that each can trigger the motile responses involving the other cytoskeletal component for coordinated cell movement (Goode et al., 2000; Lowery and Van Vactor, 2009; Rodriguez et al., 2003) .
Similar to the actin cytoskeleton, a wide range of MT-binding proteins (MAPs) exist to regulate MT polymerization and depolymerization, stability, crosslinking, motor interaction, severing, and transport (Hirokawa et al., 2010; Maccioni and Cambiazo, 1995) . Recent studies have revealed the importance of proteins associated with and localized to the plus ends of MTs in growth cone motility and responses to extracellular signals (Lowery and Van Vactor, 2009 ). In particular, the plus-end tracking proteins (+TIPs), such as the end-binding protein (EB) and the cytoplasmic-linker protein (CLIP) molecules, have been shown to especially relevant (see Figure 2) . Many of these +TIPs can be targeted by a wide range of signaling cascades. For example, the CLIP-associated protein Orbit/MAST/CLASP acts downstream of the tyrosine kinase Able to mediate axon guidance . The CLIP family of +TIPs interact with Adenomatous Polyposis Coli (APC) to regulate glycogen synthesis kinase 3b activity, which has been shown to regulate MT dynamics and growth cone guidance by Wnt molecules (Ciani et al., 2004; Lucas et al., 1998; Zhou et al., 2004) . It has also been shown that CLIPs interact with IQGAP, which targets Rac1/Cdc42 GTPases to regulate the actin dynamics in growth cones (Fukata et al., 2002; Kholmanskikh et al., 2006) . Moreover, several +TIPs interact with the dynactin complex, helping to localize to MT plus ends. Although plus-end localization of dynactin is not required for intracellular membrane traffic (Watson and Stephens, 2006) , it could be involved in local membrane turnover and recycling in the growth cone, leading to the modification of growth cone locomotion (Tojima et al., 2011) or the generation of ''signaling endosomes'' for retrograde neurotrophin signaling (Zweifel et al., 2005) . It is also possible, though not exclusively, that plus-end localization of the dynactin complex may function to regulate MT polymerization (Ligon et al., 2003) and/or to work with dynein and Lis1 to regulate MT advance during growth cone remodeling and extension in response to extracellular signals (Grabham et al., 2007) .
Distinct from +TIPs, the mitotic centromere-associated kinesin (MCAK)/KIF2c belongs to the kinesin-13 family of the middle motor domain KIFs (M-KIFs) that bind to MT plus ends to promote MT depolymerization (Hirokawa et al., 2010; Howard and Hyman, 2007) . Both KIF2a and KIF2c exhibit ATP-dependent depolymerizing activity, presumably by removing the GTP-cap at the plus end to induce catastrophe (Howard and Hyman, 2007) . KIF2a is highly expressed in postmitotic neurons of developing brains; KIF2a knockout caused brain defects of disrupted migration and excessive axonal branching (Homma et al., 2003) . It is believed that the branching phenotype is caused by the lack of KIF2a-mediated MT depolymerization in the growth cones of collateral branches. While it is not known if KIF2 is involved in growth cone guidance, directional movement of the growth cone requires polarized membrane extension on one side and retraction on the other. KIF2 mediated MT depolymerization could in principle be involved in the disassembly of the MTs on the retracting side of the growth cone (see Figure 2) . For KIF2 to function in asymmetric modification of MTs during growth cone guidance, its localization or depolymerizing 
. Microtubules in Growth Cone Steering
This schematic shows the hypothesized model involving asymmetric modification of MT dynamics during growth cone attraction and repulsion. Newly formed lamellipodia is shown in blue, retracting lamellipodia is indicated by the dotted red line. Microtubules in the growth cone (shown in purple) are largely restricted to the C region by the actin cytoskeleton, but some enter into the P region, where they play an important role in axon guidance. MT localization is controlled by the actin cytoskeleton and a host of MT regulatory proteins. During retraction, MTs are removed from the periphery through selective targeting by depolymerases and severing proteins. During attraction, proteins bind to MT plus ends, stabilizing them or enhancing polymerization and further growth. activity needs to be regulated in a spatiotemporal manner. Currently, there is little information in regards to how KIF2 is regulated in cells and whether or not there is a spatiotemporal component to restrict its MT depolymerizing activity. However, the fact that KIF2a-induced MT depolymerization appears to be restricted only in the collateral growth cones suggests the existence of a local control mechanism. Finally, although KIF2s are not thought to move directionally along the MT lattice (Helenius et al., 2006) , KIF2a has been shown to function in transport of membranous organelles involved in growth cone membrane expansion (Morfini et al., 1997; Noda et al., 1995; Pfenninger et al., 2003) . The depolymerizing and trafficking activities of KIF2s appear to be counterintuitive with regards to growth cone locomotion. Therefore, it would be of interest to determine if KIF2s may selectively engage in either MT depolymerization or vesicle transport at a specific time and/or location.
KIF2s are not only the molecules that can negatively affect the MT structure and dynamics to potentially function in polarized growth cone extension. Recent studies have identified katanin and spastin as proteins that sever MTs to create shorter fragments that are more prone to depolymerization if not protected or stabilized (Roll-Mecak and McNally, 2010) . In migrating nonneuronal cells, short MT fragments have been seen within the lamellipodial region of the leading edge. Live cell-imaging studies have yielded data indicating that MTs are severed within the lamellipodia due to physical stress caused by actin retrograde flow (Gupton et al., 2002; Schaefer et al., 2002; Waterman-Storer and Salmon, 1997) , though a possible involvement of enzymatic MT severing has not been excluded. Interestingly, a recent study has shown that katanin can function both as a MT severing enzyme and plus-end depolymerase to regulate the MT dynamics at the cell cortex (Zhang et al., 2011) . Importantly, katanin was found to localize to the leading edge of polarized cells to negatively regulate their migration, demonstrating a negative role for MT severing enzymes in cell motility. It would be interesting to see if spatiotemporal katanin-mediated MT severing and depolymerization are employed to regulate growth cone migration and directional responses to guidance cues (Figure 2) . Like many of the actin regulatory proteins, the exact effects of MT severing on neurons can be complex and may depend on a number of factors such as how the MT is posttranslationally modified and what other MT-binding proteins are present. For example, severing of stable MTs enables the release of short MTs from the centrosomal region for their transport down the axon and organized into the dense MT array in the axonal shaft (Yu et al., 2005) . Local severing of MT arrays has been shown to be involved in the formation of collateral braches, a process that may involve the local creation of dynamic MT plus ends (Yu et al., 2008) . In nerve growth cones, MT severing has been observed to break down the looped MTs that are often associated with stalled growth cones (Dent et al., 1999; Schaefer et al., 2002) . Finally, very limited attention has been given to the minus ends of MTs. Both axons and dendrites contain microtubule fragments with exposed minus ends. Surprisingly, these minus ends undergo little depolymerization, indicating the existence of a mechanism that caps and stabilizes them (Dammermann et al., 2003) . It is of interest to know that KIF2 localizes to both plus and minus ends for depolymerization. Therefore, protecting the minus ends could have a larger impact on axonal growth and guidance than one might think.
Adhesion: It's All about Turnover
Cell-cell and cell-matrix adhesions are macromolecular protein complexes that provide a direct linkage between the cell and its external environment. They are essential for tissue morphogenesis and cell migration. During brain development, adhesion molecules provide an important roadmap, and together with secreted cues, guide axonal and dendritic growth to form the neural circuitry (Kamiguchi, 2007; Kolodkin and Tessier-Lavigne, 2011; Maness and Schachner, 2007; . In growth cones, adhesions can be derived from several different receptors including integrins, cadherins, and the immunoglobin superfamily (IgSF) members. In neurons adhesions often appear as small, punctate structures and are referred to as point contacts. The ligands for integrins are found in the extracellular matrix, while cadherins and IgSF proteins interact homophillically with molecules expressed on the surface of adjacent cells (Kolodkin and Tessier-Lavigne, 2011) . Following receptor activation at the plasma membrane, intracellular adhesion components are recruited to the nascent contact, providing the platform needed for chemical and force-based adhesive signaling events (Huttenlocher and Horwitz, 2011) .
A popular model to describe how adhesions modulate motility is the ''molecular clutch.'' The clutch hypothesis predicts that cell adhesions couple with actin undergoing retrograde flow. Clutch engagement provides the mechanical resistance that is needed for the actin network to overcome the rearward current of retrograde flow, which in turn allows the plasma membrane to translocate forward. Forces generated by clutch resistance of the F-actin network are transmitted back to the adhesions, resulting in increased surface traction (Aratyn-Schaus and Gardel, 2010; Brown et al., 2006; Giannone et al., 2009; Hu et al., 2007) . Compelling evidence of the clutch model has been demonstrated in neurons (Bard et al., 2008; Chan and Odde, 2008) . In nascent protrusions that result from clutch engagement, newly polymerized actin primes and positions integrins for activation (Chan and Odde, 2008) . Adhesions experiencing increased force undergo higher component turnover (Wolfenson et al., 2011) . Together, these create a cycle promoting dynamic fluctuation and positive growth. It is clear that mechanical signaling plays an important role in outgrowth and guidance, but its exact mechanism of controlling overall movement has not yet been determined.
Adhesions are dynamic complexes whose turnover is critical for cell movement (Huttenlocher and Horwitz, 2011) . Stable adhesions immobilize the cell while lack of adhesion makes it incapable of crawling on a substrate. In a motile growth cone, adhesions assemble and disassemble to change in number, size, and position Thoumine, 2008) . Additionally, the individual adhesion components, including the surface receptors, undergo turnover within the point contacts (Dequidt et al., 2007) . Adhesions are protein structures in constant flux, ready to immediately respond to internal and external signals. Modification of adhesion dynamics can effect overall migration or, if done locally within the growth cone, cause a directional guidance response Woo and Gomez, 2006) . Several traditional signaling pathways that work through focal adhesions have been shown to mediate both attractive and repulsive guidance responses. There are numerous reviews that are specifically dedicated to the vast signaling networks that work through adhesions (Kamiguchi, 2007; Kolodkin and Tessier-Lavigne, 2011; Maness and Schachner, 2007; . In this section, we would like to focus on focal adhesion kinase (FAK), a single, well-studied adhesion protein, to highlight how its complex regulation can induce polar effects in the migrating growth cone. We hope to demonstrate the need to understand the spatiotemporal regulation of adhesive contacts.
Focal adhesion kinase (FAK) is a protein-tyrosine kinase that provides a direct link between adhesions and intracellular signaling pathways (Mitra et al., 2005; Parsons, 2003) . FAK is downstream of both extracellular matrix and intracellular signaling components, therefore it is in a position to transduce signals to and from adhesions. FAK contains multiple tyrosine and serine phosphorylation sites that are crucial for its ability to regulate adhesions and the cytoskeleton (Chacó n and Fazzari, 2011; Grigera et al., 2005; Ma et al., 2001; Mitra et al., 2005) . FAK is upstream of numerous signaling pathways inside the cell, including regulation of Src-family kinases, Rho-family GTPases, actin regulatory molecules, adhesion components, and microtubules (Chacó n and Fazzari, 2011; Mitra et al., 2005) . In neuronal adhesions, FAK is activated downstream of netrins and integrins, where it has been shown to be essential for regulating outgrowth and guidance in response to adhesion receptor activation (Bechara et al., 2008; Chacó n and Fazzari, 2011; Li et al., 2004; Liu et al., 2004; Ren et al., 2004; Robles and Gomez, 2006) . FAK mediates these effects in part by altering the dynamics of point contacts. In fact, FAK activity in neurons is necessary to assemble, stabilize, and break down adhesions (Bechara et al., 2008; Robles and Gomez, 2006) . Ultimately (and purportedly through its ability to modulate adhesion dynamics), FAK is needed for proper organismal development where it plays a role in ventral midline crossing, outgrowth of Rohan-beard neurons from the neural tube, and retinotopic mapping (Chacó n and Fazzari, 2011; . In growth cones, localized regulation of FAK has been implicated in both attractive and repulsive signaling (Bechara et al., 2008; Chacó n and Fazzari, 2011; .
How can a single molecule be involved in adhesion assembly and disassembly, outgrowth and inhibition, attraction and repulsion? The answer may be that it is highly spatiotemporally regulated, and that it can exhibit diverse effects within the growth cone depending on where, when, and how much it is activated. In addition to FAK's specific localization to adhesive contacts, FAK activity is also controlled in time through its complex signaling interactions, autoinhibition, self phosphorylation, and instigation of feedback loop pathways. Furthermore, the fact that FAK is a mechanosensor indicates that it is asymmetrically activated among adhesions experiencing varying mechanical loads. As the tools necessary for elucidating the dynamics of FAK activation within subcellular structures (Cai et al., 2008; Seong et al., 2011) and determining the functional outcome of its localized activation (Karginov et al., 2010; Slack-Davis et al., 2007) become available, we will be able to resolve the complexities of FAK signaling during neuritogenesis axon pathfinding, and regeneration. Finally, FAK is but a single component of the 100+ member adhesome (Geiger and Yamada, 2011) . We must understand the role it plays in the larger picture of adhesion based signaling.
Membrane Recycling: Create and Destroy Membrane trafficking that occurs at the growing axon tip involves both membrane addition and internalization in the forms of exocytosis and endocytosis, respectively. These processes may be constitutive or evoked. In addition to delivering or removing plasma membrane, trafficking in the growth cone can involve the transport and internalization of cell adhesion molecules, signaling proteins such as Rho-Family GTPases and Src-family kinases, lipid mediators, and guidance receptors (Bloom and Morgan, 2011) . Localized delivery of these cargos ensures the spatial organization of signaling networks within the growth cone that is needed for directed movement. Further, the removal or addition of plasma membrane may serve as an important physical constraint that regulates movement (Meldolesi, 2011). As a neurite continues to extend away from the cell body, it increases in autonomy and the trafficking/recycling pathways are one way in which it can maintain a level of independence from the cell body. Though these processes were discovered in the growth cone nearly 40 years ago, a number of recent advances have shown how localized vesicle traffic regulates axon growth and guidance.
The plasma membrane (or plasmalemma) is the neuron's largest organelle and during axon growth it must be expanded to accommodate the neuron's rapidly increasing surface area (Meldolesi, 2011) . Although lipid and protein synthesis do occur in the distal regions of the axon, the majority of plasmalemma expansion occurs through exocytosis within the growth cone. Bulk exocytic vesicles such as plasmalemma precursor vesicles (PPVs) and enlargeosomes, derived in the cell body and actively transported to the axon tip via microtubules, are constitutively inserted into the C domain where they promote axon growth (Pfenninger et al., 2003; Racchetti et al., 2010) . Though fusion of this type of exosome with the plasma membrane can be induced downstream of guidance cues (Pfenninger et al., 2003) , there have been no studies that have linked this process to directional steering of the growth cone.
A separate class of exocytic structure, VAMP2 positive synaptic precursor vesicles, has been shown to be involved in growth cone guidance responses. Tojima et al. demonstrated that VAMP2 exocytic vesicles are trafficked from the C domain of the growth cone to the periphery in response to attractive intracellular Ca 2+ signals and that this type of exocytosis exclusively functions in attractive turning, not repulsion or overall outgrowth (Tojima et al., 2007) . Partial colocalization of VAMP2 vesicles with an endocytic marker and internalized cell surface receptors implies that this localized delivery of components to the plasmalemma is involved in the recycling pathway, thought the specific cargo of these vesicles has not been identified. It also remains to be determined if local exocytosis functions to cause an asymmetric expansion of the plasma membrane, to deliver and recycle important cell surface molecules, or both.
As with membrane addition, the growth cone is the primary location for membrane internalization in the developing axon. Endocytosis in the growth cone can be constitutive or evoked; these are distinct processes carried out by different types of vesicles (Diefenbach et al., 1999) . Bulk (or constitutive) endocytosis occurs in growing axons (Bonanomi et al., 2008) . It represents a fluid-phase type of endocytosis and its vesicles are free of any markers that would implicate them in the recycling pathway, such as clatherin or caveolin. Though, the fact that relevant cell surface proteins are excluded indicates there is some selectivity in bulk endosome vesicle content. Consistent with its role in positive outgrowth, the rate of bulk endocytosis positively correlates with neurite extension speed and occurs more prominently in the early developmental stages of outgrowth (Bonanomi et al., 2008) . Both bulk endocytosis and exocytosis occur downstream of the activation of the small GTPase Rac (Bonanomi et al., 2008; Racchetti et al., 2010) , begging the question if they are coordinated by the same intracellular signaling pathways. It is still unclear why this type of rapid, nonspecific back and forth membrane transport is needed for efficient neurite elongation. It is plausible that bulk membrane recycling is involved in dynamic renewal and modification of membrane lipid composition. Alternatively, it could simply function in reshaping the membranous geometry.
Despite its linkage to rapid outgrowth, there is little evidence showing that constitutive endocytosis occurs asymmetrically in the growth cone during guidance. Though recently, Kolpak and colleagues documented a functional role for asymmetric fluidphase endocytosis during repulsive signaling (Kolpak et al., 2009 ). This was counterintuitive to previous studies showing positive correlations between bulk endocytosis and axon growth (Bonanomi et al., 2008) . In addition to demonstrating that bulk fluid-phase uptake occurs during growth cone collapse and determining some of the regulatory molecules involved, direct evidence was provided that locally applied Sonic Hedgehog, at a repulsive concentration, caused a macropinocytic-like uptake of dextran on the side of growth cone receiving the negative cue. The endocytic response was immediate and preceded growth cone turning. Interestingly, and true to form of bulk endocytosis, the internalized vesicles did not contain the Sonic Hedgehog receptor. What this type of membrane internalization's role is in establishing repulsive asymmetry and why it can be utilized for both positive and negative migration of the growth cone remains to be determined.
Evoked endocytosis is a stimulus dependent means of membrane internalization and recycling. It is relevant for both positive and negative regulation of axon growth (Tojima et al., 2011) . A hallmark of this process is that following membrane depolymerization, evoked endosomes are released from the growth cone (Diefenbach et al., 1999) . Though some studies have revealed a role for evoked fluid-phase endocytosis in growth cone collapse downstream of Ca 2+ elevation and Semaphorin 3A (Kabayama et al., 2009 (Kabayama et al., , 2011 , stimulus dependent endocytosis in the growth cone has mostly been shown to occur through clatherin mediated endocytosis (CME). CME is a known regulator of the surface expression of receptors involved in outgrowth and clatherin activity is necessary for both guidance and desensitization to guidance cues (Tojima et al., 2011) . CME occurs downstream of Ca 2+ elevation and is an essential mediator of Ca 2+ induced chemorepulsion (Tojima et al., 2010) . It is highly likely that CME is one of the first downstream events following Ca 2+ elevation as it precedes any cytoskeletal remodeling associated with the turning response (Tojima et al., 2010) . Recently, it has become evident that asymmetric CME is essential for mediating guidance responses within the growth cone during repulsion. During myelin-associated glycoprotein (MAG) induced repulsion, there is a rapid spatial remodeling of cell adhesion components, including the surface receptor b 1 -integrin, with their distribution shifting toward the side that is opposite to the one stimulated by MAG (Hines et al., 2010) . This is achieved through CME surface removal of the b 1 -integrin on the side of the growth cone undergoing repulsion. CME also occurs following local application of Semaphorin 3A (Tojima et al., 2010) . Furthermore, local inhibition of CME through application of the clatherin inhibitor MDC was sufficient to cause an attractive guidance response (Tojima et al., 2010) . While these data support the notion that asymmetric alteration of the balance of exo-and endocytosis can elicit growth cone steering, they do not directly demonstrate that endocytosis is sufficient to induce growth cone repulsion. An ultimate test for a sufficient role of local endocytosis in growth cone repulsion would require techniques that can directly and specifically elicit local endocytosis to examine the growth cone's response.
Final Thoughts: A Myriad Network of Crosstalk and the Need for New Tools It has become increasingly clear that directional growth cone motility is controlled by a combination of mechanisms. While each of these processes regulates distinct sets of cellular activities, they must work in concert to enable the growth cone to respond to environmental signals. Remarkably, there is a substantial amount of crosstalk among different pathways (Figure 3 ). For example, while the actin cytoskeleton plays a predominant role in motility by providing the major force behind cell protrusions, it also has been shown to spatially regulate microtubule dynamics and membrane recycling. This in turn would affect the delivery and retrieval of migration-relevant molecules, whose downstream targets are ultimately the actin cytoskeleton. Similarly, adhesions are both upstream and downstream of signals from the actin cytoskeleton, microtubules, and membrane recycling pathways (Kolodkin and Tessier-Lavigne, 2011; . Moreover, both actin and microtubule cytoskeleton The directional movement of the growth cone involves membrane protrusion at the front and retraction at the rear, which are controlled by bidirectional interactions between the actin and microtubules (1). Successful locomotion requires the formation of new adhesions at the front and the destruction of adhesions at the rear, which are mediated by membrane recycling (2). Vesicular trafficking also controls and regulates the number and distribution of guidance receptors on the surface, which will impact the spatiotemporal signal transduction (3). While the actin cytoskeleton is the driving force for membrane protrusion, it also regulates endocytosis and exocytosis in a spatiotemporal fashion, which could impact both the adhesion and receptor recycling (4). The actin cytoskeleton is a part of the integrin-adhesion complex and regulates the stability and turnover of adhesion (5). Finally, microtubules and their plus ends play a role in trafficking membrane channels and receptors (6).
Neuron 73, March 22, 2012 ª2012 Elsevier Inc. 1075 Neuron Review have been shown to be involved in regulating surface receptor trafficking. For example, ADF/cofilin dynamics regulates the insertion of neurotransmitter receptors (Gu et al., 2010; Lee et al., 2009) . Microtubule plus ends have also been shown to be involved in targeting of neuronal ion channels (Gu et al., 2006; Shaw et al., 2007) . Therefore, guidance signaling cascades could also target the distribution of the guidance receptors for asymmetric signaling or the adaptation process (Ming et al., 2002) . Finally, recent studies have also provided evidence that regulated local translation of receptors, signaling components, and cytoskeletal proteins plays a role in growth cone migration and guidance (Hengst and Jaffrey, 2007; Lin and Holt, 2008) . Given that translation is regulated by distinct sets of signaling pathways, these results further expand the intricate network of signaling pathways that can affect the growth cone motility in space and time.
It is conceivable that the elaborate network of signaling cascades that regulates distinct aspects of cellular activities is ''purposely'' built, such that changes affecting one pathway will be transduced to and integrated with the other pathways to generate a particular growth cone behavior. Such an integrative mechanism could have two important advantages for growth cones. First, it empowers the growth cone with a much higher ability to adapt to the diverse array of environmental cues that it will encounter along its journey to a specific target. Given that a growth cone is likely to be exposed to more than one extracellular cue at a given time, the integration of multiple signaling pathways could be essential for the decision-making process that underlies guidance responses. Second, this mechanism can also ensure that a more subtle alteration of growth cone behavior, rather than a binary switch effect, could be generated from a single input in vivo. This may be one of the reasons that targeting a specific signaling pathway (such as RhoA) has failed in regeneration therapy (Tö nges et al., 2011) . Therefore, the challenge for future growth cone research is that we must consider that seemingly separate aspects of cell biology are actually seamlessly integrated, that a loss of function in one process may have multiple outputs that alter the fate of the growth cone. For example, endocytic vesicles are found in regions undergoing repulsion and local inhibition of clatherin-mediated endocytosis is sufficient to cause an attractive turning response (Tojima et al., 2010) . The immediate conclusion is that upregulation of local CME, in and of itself, is sufficient to cause repulsion and that downregulation of CME will have the opposite effect. But what remains unclear are the downstream ramifications of altering locally CME. One consequence is that cell surface receptors are no longer internalized, numbing the cell to guidance cue gradients. Another is that the balance between endoand exocytosis is simply upset (assuming exocytosis remains at the same level), causing an asymetric distribution of protein and lipid in the cell membrane. Furthermore, what are the downstream ramifications of locally altering CME and how is the guidance signal transduced? Are adhesion dynamics affected because internalization of integrins is changed? If so, what are the ramifications on the actin network that is directly coupled to these adhesions? What happens after this? Is the actin and actin regulatory proteins that are normally dedicated to CME being redirected to leading edge structures? Surely microtubule dynamics are being altered as well, since they are intimately dependent upon actin regulation. Finally, when do these events occur relative to the physical guidance response? The time has come for us to connect all of the dots between the initial signaling event and the final downstream consequences. Understanding such a complex network of regulation on growth cone motility could provide the important ground for better identifying targets of pharmaceutical interventions for axon regeneration after nerve injury. For example, RhoA, a small GTPase that is a master regulator of the cytoskeleton, has been highly implicated in growth cone collapse, axon retraction, and inhibition of growth (Tö nges et al., 2011) . It is a logical target of pharmaceutical inhibition for nerve injury. However, some studies have reported that RhoA actually contributes to positive axon growth (Arakawa et al., 2003; Woo and Gomez, 2006) . While RhoA inhibition does aid regeneration somewhat, its effects on nerve injury in living organisms are not as potent as once hoped (Tö nges et al., 2011) . Perhaps if we focused on inhibiting RhoA in particular subcellular locations and at times where it has an inhibitory effect on axon growth and not in other instances where it promotes neuritogenesis, using knowledge acquired from an understanding of the complete spatiotemporal picture of RhoA signaling in growth cones, that the in vivo effect of RhoA inhibition on nerve regeneration would be more pronounced.
A technical challenge in teasing out the exact functions of a particular player in growth cone motility and guidance is that these signals are often transient by nature and occur in small subcellular compartments. Additionally, these specific pathways are often a part of larger regulatory networks that involve substantial crosstalk and compensatory mechanisms. Current studies predominantly depend on the long term alterations of a protein level or activity (e.g., knockdown or overexpression). Since most of these proteins are involved in the fundamental structure and function of the cell, long-term manipulations may reveal their general importance but not their specific cellular functions. Moreover, compensatory mechanisms by homologous proteins or other molecules could make it difficult to accurately interpret results from long-term manipulation. While biochemical activities can help the understanding of a protein's functions, they can not reveal the spatiotemporal dynamics of the protein and its activities which are often associated with its specific function in polarized cells, especially neurons. Therefore, the future challenge will be to develop tools that enable one to inactivate or activate a specific protein instantly and with subcellular precision, giving no chance for the cell to compensate for the change.
One promising approach is optical manipulation of signaling networks using genetically engineered probes. For example, chromophore-assisted laser inactivation (CALI), a process in which proteins are inactivated with light by irradiating an attached photosensitizer chromophore, has been successfully used in cells to knockdown target molecules in a spatiotemporal manner . CALI occurs because highly reactive photoproducts are generated when the photosensitizer chromophore is excited. However, the short-lived nature of these reactive species limits the damage radius to only proteins that are immediately adjacent to the chromophore from which they arose, ensuring a measure of specificity. CALI has been successfully used in neurons and growth cones (Diefenbach et al., 2002; Marek and Davis, 2002; Poskanzer et al., 2003; Sydor et al., 1996; Wang et al., 1996) , though the technique never reached widespread appeal. This was in part due to cumbersome methodologies used to label target proteins with a CALI chromophore, which included microinjection of non-function blocking, labeled antibodies or the use of the biarsenical dyes FlAsH and ReAsH. Recent advances in CALI have made the technique much more feasible for studies in neurons. First, it has been shown that fluorescent proteins (FPs) can be successfully used as CALI chromophores (Rajfur et al., 2002; Tanabe et al., 2005; Vitriol et al., 2007) . FP-CALI obviates the need to add exogenous labeling reagents, because the chromophore is covalently attached to its target during translation. Furthermore, FP-fusion protein expression can be combined with knockdown of the endogenous homolog so that the only version of the target expressed is susceptible to light inactivation, enhancing the CALI effect (Vitriol et al., 2007) . EGFP has been primarily used for FP-CALI, but an exciting candidate, Killer red, has been developed that increases the efficiency of CALI so that it can be performed with minimal light irradiation (Bulina et al., 2006) . Killer red is more than an order of magnitude more efficient at reactive oxygen species production than EGFP. Additionally, its 585 nm excitation peak allows the usage of yellow-orange light, rather than cyan, for CALI, minimizing nonspecific absorption by off-target molecules. Another potential new genetically encoded CALI reagent is miniSOG (miniature Singlet Oxygen Generator), a 106 amino acid monomeric fluorescent flavoprotein that is less than half the size of conventional FPs (Shu et al., 2011) .
In parallel, genetically engineered proteins that allow lightinduced activation will enable one to fully appreciate the functions of a specific molecule at the subcellular level (Toettcher et al., 2011; Wu et al., 2009) . While light-induced photoactivation has been in the cell biologists' toolkit for decades, these methods have required chemical modification of molecules or proteins, which must then be somehow introduced to the intracellular environment and uncaged with UV light. It is only in recent times that the technique has been combined with the ease of genetically encoded expression and the use of visible light wavelengths, making the experiments very amenable to live neurons in culture or even in vivo. This can be attributed to exploitation of light sensitive domains isolated from plant proteins. These can be used to either allosterically block an active protein from interacting with its effectors (Wu et al., 2009 ), or to artificially dimerize two targets (Kennedy et al., 2010; Levskaya et al., 2009 ). In the latter example, artificial interaction can be used to either anchor a target protein to a specific subcellular compartment or to cause an association between two targets. In both cases, light absorption activates a synthetic signaling cascade that is both reversible and dose dependent. Like CALI, light-induced photoactivation is instantaneous and can be performed at the subcellular level. Overall, this type of manipulation is a better approximation of actual signaling events and an invaluable tool for deducing the true function of a protein in a specific cellular process. Together with the development and deployment of super resolution imaging techniques (Toomre and Bewersdorf, 2010), we might be closer to a better understanding of the full orchestra of the players that power the growth cone.
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